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I n t r o d u c t i o n  

Large o i l  sha le  depos i t s  have been d iscovered i n  Cen t ra l  and Eastern  
Canada.l I n  t h e  pas t  few years,  cons ide rab le  research  was conducted on Eastern  
o i l  shales.2-5 
t o  Canadian heavy o i l  and t a r  sand b i t ~ m e n . ~  
t h e  p r o c e s s a b i l i t y  o f  t h e  sha le  o i l  produced, a c a t a l y t i c  c rack ing  s tudy  on i t s  
gas o i l  f r a c t i o n  was r e c e n t l y  undertaken a t  CANMET. Th is  paper r e p o r t s  t h e  
pr imary  r e s u l t s .  

Pr imary l i q u i d  p roduc ts  f rom r e t o r t i n g  o f  o i l  sha les  a re  s u p e r i o r  
I n  a c o n t i n u i n g  e f f o r t  t o  e v a l u a t e  

Exper imenta l  Sec t ion  

The raw sha le  o i l  was produced by  r e t o r t i n g  a New Brunswick o i l  shale 
f rom A l b e r t  Mines near  Moncton, New Brunswick.  The r e t o r t  system i n  t h e  p i l o t  
p l a n t  has been repo r ted  p r e v i o ~ s l y . ~  The sha le  o i l  was d i s t i l l e d  under vacuum t o  
g i v e  t h e  gas o i l  f r a c t i o n  which c o n s t i t u t e d  80 w t  % o f  t h e  feed. For  comparison, 
a convent iona l  gas o i l  was ob ta ined f rom a r e f i n e r y  which processes t h e  A l b e r t a  
crudes t r a n s p o r t e d  t o  Eas tern  Canada th rough t h e  I n t e r p r o v i n c i a l  P ipe  L ine  
(IPPL). 
The r e s u l t s  a re  shown i n  Tables I and 11. 

The two gas o i l s  were analyzed us ing  ASTM o r  o t h e r  accepted methods. 

Three e q u i l i b r i u m  c a t a l y s t s  OA-440, Nova 0 and GX-30 ob ta ined f rom 
Davison o f  Id. R. Grace were used i n  t h i s  study. P r i o r  t o  t h e i r  c h a r a c t e r i z a t i o n  
and t e s t i n g ,  t h e  c a t a l y s t s  were decoked a t  590 'C f o r  3 h. Sur face  
c h a r a c t e r i s t i c s  were determined by  bo th  N Z  adso rp t i on -deso rp t i on  techn ique and by 
mercury poros imet ry .  
based on a method repo r ted  i n  t h e  l i t e r a t u r e . 6  
p r o p e r t i e s  a re  g i ven  i n  Table 111. 

Z e o l i t e  su r face  areas and z e o l i t e  con ten ts  were es t imated  
T h e i r  phys i ca l  and chemical  

C a t a l y t i c  c rack ing  o f  t h e  gas o i l s  was performed i n  a m i c r o a c t i v i t y  
t e s t  (MAT) u n i t  wh ich  was m o d i f i e d  f rom t h e  ASTM 03907 ve rs ion .  
f i x e d  bed q u a r t z  r e a c t o r  packed w i t h  4.2 g o f  c a t a l y s t  heated a t  470-530 'C i n  a 
th ree-zone fu rnace.  Feeds were d e l i v e r e d  us ing  a s y r i n g e  pump w i t h  c a t a l y s t l o i l  
r a t i o  v a r y i n g  f rom 2-6 w h i l e  keeping t h e  h o u r l y  we igh t  space v e l o c i t y  (WHSV) 
cons tan t  a t  20 h-1. A f low o f  n i t r o g e n  purge gas a t  20 mL/min was main ta ined 
th roughout  t h e  20-min t e s t  pe r iod .  L i q u i d  p roduc ts  were c o l l e c t e d  i n  a g lass  
r e c e i v e r  coo led  i n  an i ce -wa te r  ba th  whereas t h e  gaseous produc ts  were t rapped 
us ing  wa te r  d isp lacement .  A f t e r  t h e  t e s t ,  bo th  p roduc ts  were q u a n t i t a t i v e l y  
measured b e f o r e  ana lys i s .  The amount o f  coke formed on the  spent c a t a l y s t  was 
a l s o  de termined.  Conversion was c a l c u l a t e d  based on t h e  f r a c t i o n  o f  l i q u i d  
p roduc t  hav ing  a b o i l i n g  p o i n t  above 216 'C. 

It c o n s i s t s  o f  a 

" I 
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Oeni t rogenat ion  o f  t h e  sha le  vacuum gas o i l  (VGO) was done by  bo th  
e x t r a c t i o n  i n  which d i m e t h y l s u l f o x i d e  (DMSO) c o n t a i n i n g  6 w t  % ZN s u l p h u r i c  a c i d  
was used as so l ven t ,  and adso rp t i on  i n  which an At tapu lgus  c l a y  was used as 
adsorbent. 

Resu l t s  and D iscuss ion  

Table I shows t h a t  t h e  q u a l i t y  o f  t h e  sha le  VGO i s  b e t t e r  t han  o r  
equ iva len t  t o  t h a t  o f  t he  IPPL gas o i l  except i t s  n i t r o g e n  con ten ts  a re  much 
h igher .  The bas ic  n i t r o g e n  i s  undes i rab le  i n  FCC feeds tocks  as i t  can n e u t r a l i z e  
the  a c i d  s i t e s  o f  t he  c rack ing  c a t a l y s t s  r e s u l t i n g  i n  a r a p i d  l o s s  o f  
ac t i v i t y .7 -9  The h igh  n i t r o g e n  l e v e l  i s  a l s o  r e f l e c t e d  b y  t h e  p o l a r s  i n  t h e  
hydrocarbon t ype  ana lys i s  (Tab le  11). Po la rs  i n  t h e  sha le  o i l  may a l s o  i n c l u d e  
oxygen compounds. I f  these p o l a r s  a re  cons idered c rackab le ,  t he  convers ion  
c o n s t r a i n t s  based on t h e  compos i t iona l  a n a l y s i s  can be es t imated a t  80.6 and 81.1 
w t  % f o r  IPPL and sha le  VGO r e s p e c t i v e l y ,  assuming t h a t  t h e  d ia romat i cs  and t h e  
more h i g h l y  condensed s t r u c t u r e s  i n c l u d i n g  aromat ic  su lphurs  cannot be conver ted  
t o  l i g h t  products w i t h  b o i l i n g  p o i n t s  l e s s  than 216 'C due t o  t h e  s t a b i l i t y  o f  
t h e  benzene r i ngs .  

F igu re  1 shows t h e  e f f e c t s  o f  temperature and c a t a l y s t l o i l  r a t i o  (C/O) 
on conversion. S i g n i f i c a n t  d i f f e r e n c e s  can be seen between the  two feeds tocks .  
For IPPL gas o i l ,  t he  convers ion  tends  t o  l e v e l  o f f  and approaches i t s  l i m i t  a t  
h igh  seve r i t y .  Furthermore, i t  i s  l e s s  s e n s i t i v e  t o  t h e  temperature change. On 
t h e  o the r  hand, f o r  sha le  VGO, t h e  convers ion  inc reases  sharp ly  and l i n e a r l y  w i t h  
C/O r a t i o  and i s  f a r  below i t s  expected l i m i t  even a t  much h ighe r  s e v e r i t y .  The 
conversion i s  obv ious l y  very  temperature-dependent. Th i s  suggests t h a t  t h e  
c a t a l y s t s  were s e r i o u s l y  poisoned d u r i n g  c rack ing  b y  t h e  bas ic  n i t r o g e n  o f  sha le  
VGO as t h i s  type  o f  po ison ing  i s  ma in l y  a su r face  adso rp t i on  phenomenon and h i g h  
temperature tends t o  promote deso rp t i on .  Between t h e  two c a t a l y s t s ,  Nova D i s  
apparent ly  more a c t i v e  i n  c rack ing  IPPL convent iona l  gas o i l  due t o  i t s  h ighe r  
z e o l i t e  conten t .  Th i s  agrees w i t h  Oav ison 's  m i c r o a c t i v i t y  r e s u l t s  (Tab le  111). 
However, t h i s  t r e n d  i s  reversed f o r  sha le  VGO, w i t h  OA-440 be ing  more ac t i ve .  
Th is  suggests t h a t  t h e  sha le  o i l  con ta ins  l a r g e r  mo lecu les  which do n o t  have 
access t o  the smal l  pores o f  t h e  z e o l i t e  b u t  can be cracked by t h e  m a t r i x  o f  
DA-440 which has a l a r g e r  pore d iameter  (Tab le  111). A s i m i l a r  phenomenon was 
a l s o  observed i n  a separa te  c rack ing  s tudy  which dea ls  w i t h  o t h e r  nonconvent iona l  
gas o i l s  i n c l u d i n g  those de r i ved  f rom res ids ,  t a r  sand bitumens and heavy o i l s . l 0  

For  IPPL gas o i l ,  f avou rab le  and optimum gaso l i ne  y i e l d  (54 w t  % )  i s  
ob ta ined a t  about 73% convers ion  beyond which ove rc rack ing  seems t o  t a k e  p lace .  
The gaso l i ne  y i e l d  decreases s l i g h t l y  w i t h  inc reased temperature a t  cons tan t  
conversion. 
gaso l ine  p roduc t i on .  Th is  does no t  necessa r i l y  mean t h a t  i t  produces a b e t t e r  
gaso l ine ,  i n  terms o f  h ighe r  octane number, as OA-440 i s  no t  an octane-enhancing 
c a t a l y s t  b u t  Nova D i s .  I t  i s  known t h a t  t he  dealuminated u l t r a - s t a b l e  Y z e o l i t e  
c a t a l y s t s  USY) y i e l d  h ighe r  octane gaso l i ne  b y  produc ing  more o l e f i n i c  
compounds,jl compared w i t h  t h e  r a r e  e a r t h  exchanged Y z e o l i t e  c a t a l y s t s  (REY). 
For sha le  VGO, t h e  gaso l i ne  y i e l d  inc reases  l i n e a r l y  and monotonously w i t h  
convers ion  w i thou t  obvious e f f e c t s  o f  tempera ture  and c a t a l y s t .  
maximum gaso l i ne  y i e l d  i s  l e s s  than  30 w t  % wh ich  i s  unacceptably low. 

l i n e a r l y  ( s h a l e  o i l )  w i t h  convers ion .  

Between t h e  two c a t a l y s t s ,  OA-440 i s  s l i g h t l y  more s e l e c t i v e  f o r  

The exper imenta l  

The coke y i e l d s  o f  t h e  two gas o i l s  i nc rease  e x p o n e n t i a l l y  ( IPPL) o r  
A t  cons tan t  convers ion ,  h ighe r  tempera ture  
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f o r  t he  same c a t a l y s t  tends t o  lower  t h e  coke y i e l d  because C / O  r a t i o  can be 
reduced t o  achieve t h e  same conversion. 
( U S Y )  y i e l d s  more coke than i t s  coun te rpa r t  DA-440 (REY) i n  c rack ing  sha le  VGO 
whereas f o r  IPPL gas o i l ,  Nova D shows s l i g h t l y  b e t t e r  o r  equ iva len t  coke 
s e l e c t i v i t y  than DA-440. A s i m i l a r  phenomenon was a l s o  observed i n  a separa te  
c rack ing  s tudy  i n v o l v i n g  o t h e r  nonconvent ional  feedstocks.10 It i s  thus  be l i eved  
t h a t  t h e  s u p e r i o r i t y  o f  USY c a t a l y s t s  over R E Y  c a t a l y s t s  w i t h  respec t  t o  coke 
s e l e c t i v i t y  depends a l s o  on the  na tu re  o f  t he  feedstock.  

Cont ra ry  t o  t h e  l i t e r a t u r e , l l  Nova D 

I t  has been observed t h a t  a l i n e a r  c o r r e l a t i o n  e x i s t s  between the  
second-order convers ion  (conversion/[ lOO - convers ion ] )  and the  coke y i e l d .  The 
l i n e a r  r e l a t i o n s h i p  i s  expected based on t h e  equat ions  proposed by Wol las ton  
e t  a1.12 For  IPPL gas o i l ,  t h e  s t r a i g h t  l i n e s  a t  d i f f e r e n t  temperatures pass 
th rough t h e  o r i g i n  i n d i c a t i n g  that a l l  t h e  oke formed r e s u l t s  f rom c a t a l y t i c  
c rack ing  and i s  t h e r e f o r e  " c a t a l y t i c "  coke.f3 However, f o r  shale VGO, t he  
s t r a i g h t  l i n e s  i n t e r s e c t  t h e  x -ax is  a t  d i f f e r e n t  coke values. These va lues  
ob ta ined a t  0% convers ion  represent  n e i t h e r  " c a t a l y t i c "  coke nor  "contaminant"  
coke s ince  t h e  n i c k e l  and vanadium conten ts  o f  t h e  c a t a l y s t s  a re  r a t h e r  l ow  
(Table 111). Th is  suggests t h a t  t hey  belong t o  t h e  " a d d i t i v e "  coke r e s u l t i n g  
f rom t h e  bas i c  n i t r o g e n  o€ t h e  sha le  gas o i l  which con ta ins  l i t t l e  Conradson 
carbon - another p o s s i b l e  p recu rso r  f o r  t h e  " a d d i t i v e "  coke.13 The " a d d i t i v e "  
coke found i s  independent o f  t h e  c a t a l y s t  t ype  and i s  es t imated  a t  1.47, 1.25, 
1.09 and 0.97 w t  % a t  470 'C, 490 'C, 510 'C and 530 'C, respec t i ve l y .  

Product d i s t r i b u t i o n  f o r  t h e  two feeds tocks  a t  50% convers ion  i s  shown 
i n  Table I V .  It can be seen t h a t  t h e  sha le  VGO produces more gases, l e s s  
gaso l i ne  and much more coke compared w i t h  IPPL gas o i l .  The h igh  decant o i l  
y i e l d  (39 w t  % )  f o r  IPPL VGO may be m is lead ing  as t h e  m a j o r i t y  o f  i t s  p recu rso r  
i s  c rackab le  a t  h i g h e r  s e v e r i t y .  A t  73% convers ion ,  t h i s  va lue  drops t o  8 w t  % 
r a i s i n g  t h e  gaso l i ne  y i e l d  f rom 35 t o  54 w t  %. 

o i l .  The f i r s t  i s  t o  c rack  with GX-30, a very  a c t i v e  c a t a l y s t  because o f  i t s  
h igher  z e o l i t e  con ten t .  The o the r  methods i n v o l v e  upgrad ing  o f  gas o i l s  by  
removing some o f  t h e  n i t r o g e n  compounds us ing  e i t h e r  DMSO/acid e x t r a c t i o n  o r  
A t tapu lgus  c l a y  adso rp t i on .  One disadvantage o f  t h e  r e j e c t i o n  methods i s  t h e  
accompanying l o s s  o f  the hydrocarbon value. Table V shows t h e  weight recovery  
and the  n i t r o g e n  con ten ts  o f  t h e  upgraded feeds tocks .  It i s  ev iden t  t h a t  t h e  
c l a y  method i s  s u p e r i o r  t o  the e x t r a c t i o n  techn ique s ince  i t  removes almost 50% 
more bas i c  n i t r o g e n  f o r  t h e  same recovery.  Tab le  V I  shows a comparison o f  
c rack ing  y i e l d s  o f  raw and t r e a t e d  feeds tocks  cracked a t  va r ious  c o n d i t i o n s  w h i l e  
keeping c a t a l y s t l o i l  r a t i o  cons tan t  a t  6 .  For  the  un t rea ted  sha le  o i l ,  a l though 
t h e  use o f  GX-30 r e s u l t s  i n  some improvement over DA-440 i n  convers ion  and 
gaso l i ne  y i e l d ,  t h e  coke y i e l d  i s  unacceptab ly  h igh .  E v i d e n t l y ,  DMSO r a f f i n a t e  
shows b e t t e r  performance than  t h e  raw sha le  o i l  whereas the  c l a y  t r e a t e d  sha le  
o i l  i s  t he  bes t  due t o  i t s  l owes t  bas i c  n i t r o g e n  con ten t .  

i nvo l ves  c rack ing  o f  t h e  raw shale o i l  as a whole whereas t h e  o the r  i nvo l ves  the  
separa t ion  o f  t he  sha le  o i l  i n t o  two f r a c t i o n s  p r i o r  t o  i n d i v i d u a l  c rack ing  under  
t h e  same cond i t i ons .  I n  t h e  l a t t e r  case, t h e  recovered f r a c t i o n  con ta ins  l e s s  
n i t r o g e n  and i s  t h e r e f o r e  b e t t e r  i n  q u a l i t y  whereas t h e  r e j e c t e d  f r a c t i o n  i s  
assumed, f o r  s i m p l i c i t y ,  t o  be unconver t i b le  e i t h e r  because o f  i t s  h i g h  n i t r o g e n  
l e v e l  o r  a r e f r a c t o r y  na ture .  One can c a l c u l a t e  t h e i r  c rack ing  y i e l d s  on a 

Three methods have been used t o  achieve h i g h e r  convers ion  o f  t h e  sha le  

Le t  us cons ide r  two approaches i n  f u r t h e r  e v a l u a t i o n  o f  t h e  da ta :  one 
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" t o t a l  o i l "  bas is  by  m u l t i p l y i n g  t h e  y i e l d s ,  based on t h e  recovered p o r t i o n ,  w i t h  
t h e  weight f r a c t i o n  o f  recovery.  The r e s u l t s  a re  i l l u s t r a t e d  i n  F ig .  2. Here, 
t he  increases i n  convers ion  and gaso l i ne  y i e l d s  o f  t h e  t r e a t e d  sha le  o i l s  over 
those o f  t he  un t rea ted  ones r e f l e c t  t h e  ne t  po ison ing  e f f e c t  on t h e  c a t a l y s t  b y  
t h e  bas ic  n i t rogen .  

o r  adso rp t i on ) ,  l i n e a r  c o r r e l a t i o n  can be es tab l i shed  between t h e  c r a c k i n g  
r e s u l t s ,  i n  terms o f  convers ion  and gaso l i ne  y i e l d ,  and t h e  bas ic  n i t r o g e n  
conten t  (1750-4600 ppm) o f  MAT feeds. 
blends prepared from IPPL and raw sha le  o i l .  The da ta  p o i n t s  ob ta ined f rom t h i s  
d i l u t i o n  method appear t o  co inc ide  w i t h  those from r e j e c t i o n  methods ove r  t h e  
same bas ic  n i t r o g e n  range. Th is  suggests t h a t  t he  r e j e c t e d  p o r t i o n  o f  t h e  raw 
shale o i l  would have been cracked i f  t h e  c a t a l y s t  had no t  been poisoned by  t h e  
bas ic  n i t r o g e n  i n  the  f i r s t  p lace .  
o i l ,  r a t h e r  than  i t s  compos i t iona l  d i f f e r e n c e s  from t h e  IPPL gas o i l ,  i s  t h e  
de termin ing  f a c t o r  f o r  t h e  c rack ing  y i e l d s .  
d i l u t i o n  method, t h e  sha le  o i l  produces a c rack ing  r e s u l t  s i m i l a r  t o  t h a t  o f  IPPL 
a t  t h e  same bas ic  n i t r o g e n  l e v e l ,  i . e . ,  72 vs 73.5 w t  % i n  convers ion  and 51 v s  
5 3  w t  % i n  gaso l i ne  yield..at 510 'C and a c a t a l y s t / o i l  r a t i o  o f  4. 

Based on the  da ta  ob ta ined f rom n i t r o g e n  r e j e c t i o n  methods ( e x t r a c t i o n  

A c rack ing  s tudy  was a l s o  made on t h e  

A lso ,  t h e  bas ic  n i t r o g e n  conten t  o f  t h e  sha le  

Fo l l ow ing  the  t rends  c rea ted  by t h e  
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Tab le  I. Feedstock I n s p e c t i o n  Data 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
P r o p e r t i e s  IPPL Shale 

"API 24.2 25.0 
A n i l i n e  p o i n t ,  'C 93.7 80.0 

To ta l  n i t r o g e n ,  ppm 1150 7150 
Bas ic  n i t r o g e n ,  ppm 310 4570 
To ta l  su lphur ,  w t  % 0.66 0.52 
V i s c o s i t y  a t  40 'C, cSt  65.0 17.3 
S imula ted  d i s t i  11 a t i o n ,  'C 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Conradson carbon,  w t  % 0.43 0. i a  

IBP 305 209 
10% 369 290 
50% 444 394 

FBP 594 536 
90% 538 489 

Tab le  111. P r o p e r t i e s  o f  Crack ing  C a t a l y s t s  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Proper t i es  CIA-440 Nova D GX-30 

Type RE Y USY R E Y  
BET su r face  area ,  m2/g 75.0 95.5 107.5 
Z e o l i t e  s u r f a c e  area, m2/g 43.7 48.4 66.8 
R e l a t i v e  z e o l i t e  con ten t ,  w t  % 7.3 a. 1 10.8 
Pore volume, mL/g 0.245 0.266 0.257 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Avg. po re  d iameter ,  i 280 208 355 
V, ppm 141 . 351 538 

Al2O3, w t  % 42.1 45.3 33.1 

M i c r o a c t i v i t y  (Davison),  w t  % 70 72 78 

N i ,  ppm 374 114 400 

U n i t  c e l l  d imens ion ,  ! 24.42 24.28 24.39 

' I  

' I  

I 
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Table I V .  Comparison o f  Product Y ie lds  a t  50% Conversion* 

I 

Gas o i l  I PPL Shale 

Reactor temperature,  'C 470 530 
C a t a l y s t  DA-440 DA-440 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
T o t a l  d r y  gas, w t  % 1.0 3.5 
c3 + c4, w t  % 8.5 13.0 
C 5 t  gaso l i ne ,  w t  % 35.0 30.0 
L i g h t  c y c l e  o i l ,  w t  % 14.0 27.0 

Coke, w t  % 2.6 6.6 

* Ex t rapo la ted  da ta  

Decant o i l ,  w t  % 39.0 20.5 

Recovery, w t  % 
To ta l  n i t rogen ,  ppm 
Bas ic  n i t r o g e n ,  ppm 

100 
7150 
4570 

85.3 
5618 
3007 

86.1 
3496 
1745 

Table VI. Crack ing  Y ie lds  (wt  %)  a t  C / O  = 6 

________________________________________----------------------------- 
Shale o i l  T y p .  C a t a l y s t  Conver- c 5+ Coke 

Raw 510 DA-440 45.0 25.2 6.5 
DMSO t r e a t e d  510 DA-440 53.2 31.7 6.4 
C lay  t r e a t e d  510 DA-440 65.3 40.0 6.4 

Raw 530 DA-440 47.9 26.5 6.6 
Raw 530 GX-30 59.8 31.7 9.1 
C lay  t r e a t e d  530 DA-440 70.0 42.5 6.4 

C s i o n  Gasol ine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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Figure 2 .  Conversions and g a s o l i n e  y i e l d s  of raw and treated 
shale  gas oils calculated on t o t a l  o i l  b a s i s .  
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